the spread of inclusion pathology and motor neuron loss is most severe in lumbar cord. G85R-SOD1:YFP inclusion pathology quickly spreads to discrete neurons in the brainstem and midbrain that are synaptically connected to spinal neurons, suggesting a trans-synaptic propagation of misfolded protein. Taken together, the data presented here describe the first animal model that recapitulates the spreading phenotype observed in patients with ALS, and implicates the propagation of misfolded protein as a potential mechanism for the spreading of motor neuron disease.
Introduction
ALS is a fatal, neurodegenerative disease, in which the progressive degeneration of upper and lower motor neurons results in muscle atrophy, paralysis, and ultimately death. Although it has been studied extensively for the better part of the last half-century, the disease still has only one therapeutic option that is only modestly effective. Approximately 10 % of all ALS cases have a familial etiology (fALS), and mutations in superoxide dismutase-1 (SOD1) were the first to be identified as causative [22] . There are now more than 170 mutations identified as causative in the SOD1 gene (http://alsod.iop.kcl.ac.uk/). It is thought that all of these mutations cause the protein to gain a toxic property that is, by some means, associated with increased propensity for the protein to adopt aberrantly folded, detergent-insoluble conformations [4, 6, 12, 19, 29] . Importantly, the symptoms of ALS in SOD1-linked cases are very similar to those observed in sporadic cases of ALS (sALS).
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In both sporadic and SOD1-linked ALS, muscle weakness and paralysis begin focally before appearing to spread to anatomically adjacent muscle groups. The rate at which symptoms spread from one motor complex to another until reaching the respiratory motor complex dictates how long patients will live with the disease. Recent reports have suggested that a prion-like mechanism of spread could be involved in ALS, based upon correlations made from neuropathological findings and clinical symptoms observed in patients [5, 20, 21] . It is well established that misfolded prion proteins can spread along anatomical pathways [14] , and that proteins such as α-synuclein and tau mediate anatomical spreading of a misfolded conformation [7, 14, 18, [23] [24] [25] 30] . However, none of these proteins have been implicated in motor neuron disease, leaving the identity of the spreading entity unresolved.
Recently, a number of studies have revealed the ability for SOD1 to undergo prion-like seeded aggregation. Although the majority of these studies have involved cell culture models, they have demonstrated the ability for misfolded forms of SOD1, including the wild-type (WT) variant, to move from cell-to-cell via various mechanisms and propagate aggregation [10, 17] . We recently demonstrated a working model for motor neuron disease transmission by injecting spinal homogenates from paralyzed G93A SOD1 mice into the spinal cords of newborn transgenic mice expressing the G85R-SOD1 mutant fused to YFP (G85R-SOD1:YFP) [1] . The G85R-SOD1:YFP mice are extremely useful in visualizing mutant SOD1 misfolding; mice homozygous for this transgene develop typical symptoms of motor neuron disease [28] . In the spinal cords of paralyzed, homozygous, G85R-SOD1:YFP mice, the fusion protein changes distribution from that of a diffusely distributed protein to inclusion-like structures [28] . This transformation in distribution is accompanied by biochemical evidence that the fusion protein forms detergentinsoluble aggregates [28] . In our transmission paradigm, we use mice that are heterozygous for the transgene and lack both phenotypic symptoms of motor neuron disease and pathologic evidence of G85R-SOD1:YFP inclusion formation [28] . For reasons that have yet to be elucidated, G85R-SOD1:YFP mice were uniquely permissive for the induction of motor neuron disease when we injected spinal homogenates from paralyzed G93A mice into the spinal cords of newborn G85R-SOD1:YFP mice [1] . Pathologically, these induced mice develop G85R-SOD1:YFP inclusions throughout the spinal cord and brainstem. Moreover, similar to the host adaptation phenomenon observed upon the serial passage and isolation of prion strains, upon second passage of homogenate from these paralyzed G85R-SOD1:YFP mice (G93A → G85R-SOD1:YFP) back into naïve G85R-SOD1-YFP mice, we observed an increased attack rate and decreased incubation period. These latter observations are consistent with the notion that misfolded SOD1 can penetrate cellular membranes and can act as template in directing the misfolding of naïve SOD1 molecules to propagate disease. Based on these prion-like features, and the lack of evidence of transmission to non-transgenic mice or mice that expressed untagged mutant SOD1, we advocated that mutant SOD1 be considered a pseudoprion [1] .
In the present study, we have used this permissive G85R-SOD1:YFP model in a paradigm of adult sciatic nerve injection, first used in the study of prion trans-synaptic transmission [2, 3] , to produce a new model of spreading motor neuron disease. We show that a single unilateral injection of minute quantities of spinal homogenates from paralyzed G85R-SOD1:YFP mice efficiently induces a progressive motor neuron disease that spreads from the limb of injection to engulf the spinal axis. The spread of disease in the spinal cord is evident in the distribution of G85R-SOD1:YFP inclusion pathology, which first takes hold in neurons innervating the injected limb before appearing more rostrally as the mice develop symptoms. Similarly, astrogliosis first appears in lumbar cord before spreading rostrally to thoracic and cervical regions. Additionally, we observed rapid spread of pathology to brain structures that innervate the cord, indicating the potential for transsynaptic spread of misfolded mutant SOD1. This new model provides the first platform in which the focal origin of the disease process can be manipulated; a model that should enable more definitive assessments of therapeutics designed to slow disease progression.
Methods

Mice
All studies involving mice were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Florida in accordance with NIH guidelines. All animals were housed one to five to a cage and maintained on ad libitum food and water with a 12 h light/dark cycle. The G85R-SOD1:YFP mice have been described previously [28] and were maintained on the FVB/NJ background.
Inoculum preparation
Homogenates to produce inoculum were prepared as previously described [1] . Briefly, spinal cords from either asymptomatic, heterozygous, G85R-SOD1:YFP mice or G85R-SOD1:YFP mice that had become paralyzed after injection with homogenate from a paralyzed G93A mouse (G93A → G85R-SOD1:YFP) were homogenized in PBS to produce a 10 % homogenate (w/v), containing 1:100 v/v protease inhibitor cocktail (Sigma, St. Louis, MO) by sonication 4 times for 20 s each. Homogenates were then clarified by a low-speed spin at ~800×g for 10 min and the supernatants were aliquoted and placed at −80 °C.
Animal inoculations
Sciatic nerve injections of spinal cord homogenates were performed on female FVB mice expressing the G85R-SOD1:YFP transgene, as previously described [1] . Female mice were used because male mice in this strain are particularly aggressive, and fighting among siblings can lead to injuries severe enough to require the removal of animals from the study. Prior to the injection, mice were injected with Meloxicam (2 mg/kg) (Norbrook, Overland Park, KS), to relieve pain, and the injection site was shaved and sterilized. The mice were then deeply anesthetized with isoflurane using a precision vaporizer machine with gas scavenging system attached and a small incision was then made in the skin of the hind limb and the sciatic nerve was exposed at the popliteal fossa. A 33-gauge needle containing the inoculum was inserted in the sciatic nerve and reciprocated 10 times, which has been shown to greatly enhance the efficiency of prion transport to the spinal cord [3] . 2 μl of prepared homogenate was injected under the perineurium of the sciatic nerve and the incision was then closed with stainless steel clips and cleaned. Following surgery, 2 mg/kg Meloxicam was administered at 24 and 48 h post-surgery.
Behavioral assessment
Once a week following injections, mice were assessed for hind limb impairments. The mice were held by the tail and each of their hind feet was positioned next to the lip of their cage to allow them to grip the edge. The tails of the mice were then lifted up to determine their hind limb strength in the ipsilateral versus contralateral limb. The strength was then determined by the following criteria: (1) weakening grip strength, (2) no grip strength, but still able to move limb and freely move around the cage, and (3) no grip strength, very little movement of limb, and difficulty moving around the cage. The endpoint for these experiments was the point at which both hind limbs were paralyzed or at a point in which the animals displayed difficulties obtaining food and water.
Tissue collection
Mice were anesthetized with isoflurane and perfused transcardially with 20 ml of PBS followed by 20 ml of 4 % paraformaldehyde. The spinal cords, brains, both sciatic nerves, both gastrocnemius muscles, and the L3, L4, and L5 dorsal root ganglia (DRGs) were immediately removed and placed in 4 % paraformaldehyde for 24-48 h at 4 °C prior to paraffin processing.
Fluorescence microscopy
All tissues were embedded in paraffin, cut at 7-10 μm and placed onto slides. For direct YFP fluorescence within the tissue, sections were deparaffinized and cover-slipped in mounting media containing DAPI (Vector, Bulingame, CA). For glial-fibrillary acidic protein (GFAP) analysis, sections were deparaffinized, blocked in normal serum, and incubated with a rabbit anti-GFAP antibody (Dako Carpinteria, CA) overnight at 4 °C. The slides were then incubated for 30 min with an anti-rabbit alexa fluor 568 secondary antibody (Invitrogen, Carlsbad, CA) and then cover-slipped in mounting media containing DAPI. Fluorescence images were either visualized on an epifluorescence Olympus BX60 microscope or imaged using the Scanscope FL image scanner (Aperio Technologies, Buffalo Grove, IL) and images of representative areas were taken using the ImageScope software (Aperio Technologies, v.12.1.0.5029).
Quantification of G85R-SOD1:YFP inclusions and GFAP immunoreactivity
Spinal cords from the injected animals were arranged in the paraffin blocks so that each paraffin section from a single animal contained two cervical segments, three thoracic segments, and two lumbar segments. Fluorescent images were captured using the Scanscope FL scanner as described above for two paraffin sections per animal with at least three animals per timepoint being analyzed. Using ImageJ, each section of spinal cord was thresholded to highlight the features to be quantified and to diminish background signal. The strong fluorescent intensities of the G85R-SOD1:YFP aggregates and robust GFAP immunoreactivity enabled this technique of quantification. For inclusion quantification, objects were carefully inspected to confirm them as pathologic structures, and then the % area of the thresholded aggregates was calculated within each spinal cord section. This value was averaged across sections from similar levels of cord for each animal and for each timepoint. For GFAP quantification, the % area of the thresholded astrocytes was calculated within the gray matter of each spinal cord section and averaged across similar levels of cord for each animal and for each timepoint.
Motor neuron quantification
Motor neurons were first labeled by immunohistochemistry using an anti-choline acetyltransferase (ChAT) antibody.
Briefly, spinal cord sections containing 6-8 pieces of spinal cord spanning the entire length of the spinal cord were deparaffinized and processed for antigen retrieval by steaming in sodium citrate buffer (pH 6.0) for 30 min. Following blocking for endogenous peroxidases in 0.3 % H 2 O 2 in PBS, sections were blocked in 10 % normal horse serum (Vector Labs, Burlingame, CA) for 30 min, then incubated in anti-ChAT at 1:400 overnight at 4 °C. The sections were then incubated in a horse-anti goat secondary antibody (Vector Labs, Burlingame, CA) at 1:500 for 30 min at room temperature, treated with ABC solution (Vector Labs, Burlingame, CA) for 20 min and developed with DAB substrate (Sigma, St. Louis, MO). The ChAT-positive motor neurons in four spinal cord sections per animal and at least three animals per timepoint were counted by three individuals blind to animal identification and then the numbers were averaged as explained in the figure legend.
Statistical analysis
All statistical analyses were analyzed in GraphPad PRISM 5.01 Software (La Jolla, CA) as explained in figure legends.
Results
Transmissibility of motor neuron disease by sciatic nerve injection
In a recent study, involving only a few mice, we observed the first hint that it might be possible to develop an induced model of ALS in which the focal origin of the disease could be manipulated. We observed that a single G85R-SOD1:YFP animal that received an injection of spinal homogenates from paralyzed G93A SOD1 mice into the sciatic nerve, as an adult, developed motor neuron disease at 2.7 months post-injection [1] . However, most of the G85R-SOD1:YFP mice inoculated by this method did not develop paralysis or focal limb weakness, and these asymptomatic animals were devoid of pathologic inclusions when killed for analysis (data not shown). Thus, although the outcome was intriguing, a model with such poor reliability would be difficult to use in studying the spread of motor neuron disease.
To determine whether a more reliable and useful model could be generated, we built upon the observation that transmission frequency of motor neuron disease in our newborn intra-spinal inoculation model is dramatically increased with second passage homogenates [1] . In practical terms this means that first passage injections of spinal homogenates from paralyzed G93A SOD1 mice into newborn G85R-SOD1:YFP mice produces disease at a 50 % attack rate (half the mice remain disease free). When spinal homogenates are then made from the paralyzed first passage mice (G93A → G85R-SOD1:YFP) and used for injection into the spinal cords of newborn G85R-SOD1:YFP mice, then the attack rate rises to 100 % and the age to onset of symptoms is reduced [1] . Accordingly, when we injected 10 % spinal homogenates from paralyzed G93A → G85R-SOD1:YFP mice, unilaterally into the sciatic nerves of 2-3-month-old G85R-SOD1:YFP mice, we observed that eight of the ten animals developed end-stage paralysis by 3.0 ± 0.2 months post-injection (p.i.) (Table 1 ). In all of these animals, the first limb to show weakness was the ipsilateral limb ( Fig. 1) . Based on qualitative observations, the ipsilateral hind limb became paralyzed before the contralateral hind limb began to display noticeable weakness (Fig. 1) . As negative controls, we injected the sciatic nerve with either PBS or 10 % spinal homogenates from an asymptomatic heterozygous G85R-SOD1:YFP mouse. The mice injected with these control preparations were harvested at 12.6 and 8.5 months p.i., respectively, and displayed no signs of MND (Table 1) or G85R-SOD1:YFP inclusion pathology (Fig. 2) . Thus, with this paradigm, we establish a relatively reproducible model of induced motor neuron disease in which the origin of disease is defined by injecting spinal homogenates into a single sciatic nerve. The paralysis induced from this injection paradigm appears to spread from the ipsilateral limb to the contralateral limb, mirroring the spread of symptoms observed in ALS. 
Evolution of G85R-SOD1:YFP inclusion formation following sciatic nerve injection
To better understand the spread of pathology over time, we injected G85R-SOD1:YFP mice unilaterally within the sciatic nerve with the same homogenate as described above, and sacrificed the animals at 1 and 2 months p.i. At 1 month p.i. the mice had no observable phenotype, and when we analyzed their spinal cords, the distribution of G85R-SOD1:YFP inclusion pathology was limited. In the ipsilateral L3-L5 dorsal root ganglia (DRG), which are associated with the ipsilateral sciatic nerve, we detected limited inclusion pathology (Fig. 3a) . No inclusions were observed in the contralateral DRG (Fig. 3b) and no G85R-SOD1:YFP inclusions could be identified in the spinal cord ( Fig. 4a-c) . By 2 months post-injection, a subset of the injected animals began to show ipsilateral hind limb weakness, while other animals remained asymptomatic. The mice that were asymptomatic had a higher frequency of G85R-SOD1:YFP inclusions within the ipsilateral DRG than the 1 month cohort, and also began to develop inclusions in the contralateral DRG, albeit much less abundant than the ipsilateral DRG and most often observed in the nerve (Fig. 3c, d ). These animals also displayed inclusions within their spinal cords, with numerous punctate aggregates appearing within neurons and the neuropil in the ipsilateral lumbar spinal cord (dorsal and ventral horns) and to a lesser extent the contralateral lumbar spinal cord ( Fig. 4f; Supplemental Fig. 1f ). Additionally, inclusions were observed in the ipsilateral thoracic and cervical spinal cords of these mice ( Fig. 4d, e ; Supplemental Fig. 1d , e). Thus, in these asymptomatic mice there was evidence that an entity capable of inducing pathologic misfolding of G85R-SOD1:YFP protein had begun to spread rostrally in the spinal cord. In symptomatic mice that were 2 months p.i., there were abundant G85R-SOD1:YFP inclusions in the ipsilateral DRG and to a lesser extent in the contralateral ganglia (Fig. 3e, f) . In these animals, inclusions were much more abundant in the lumbar cord, observed on both the ipsilateral and contralateral sides, and readily detected in the neuropil of the ipsilateral and contralateral thoracic cord (Fig. 5c-f) . Additionally, in the symptomatic mice, inclusions were now abundantly observed in the ipsilateral cervical cord (Fig. 5a, b) . In animals that had reached end-stage (both hind limbs paralyzed) both the ipsilateral and contralateral DRG had numerous G85R-SOD1:YFP inclusions (Fig. 3g, h ) and the spinal cords of these animals showed widespread and abundant inclusion pathology, in both sides of the cord and at all levels ( Fig. 5g-l) . Collectively, these findings demonstrate the appearance of misfolded G85R-SOD1:YFP in structures distal to the site of injection well before symptoms appear and that both the sensory and motor nerves appear to be able to mediate the propagation of misfolded protein.
To quantify the spread of pathology in the spinal cord, we captured images from multiple sections from each region of the cord from at least three animals per timepoint and then used ImageJ to highlight aggregates, which were much more fluorescent than diffusely distributed G85R-SOD1:YFP protein. The entire spinal cord was then outlined and the % area occupied by inclusions within in each section was calculated and averaged among the similar levels of cord for each cohort of animals (1, 2 months asymptomatic, 2 months symptomatic, and paralyzed). These quantified data demonstrate that the delayed appearance of misfolded G85R-SOD1:YFP protein in mice receiving a single sciatic nerve injection of inducing inoculum (Fig. 6a) . At 1 month p.i., there was essentially no inclusion pathology in the spinal cord (Fig. 6a) . Between 1 and 2 months of age, the burden of inclusion pathology varied. In animals in which disease symptoms had not yet appeared, there was significant inclusion pathology in both the ipsilateral and contralateral lumbar cord, but sparse pathology elsewhere (Fig. 6a) . In animals that were developing weakness in the injected limb, the level of inclusion pathology was greater, with a still greater level of pathology in end-stage animals, in which both hind limbs were paralyzed (Fig. 6a) . Thus, the data indicate an insidious spread of misfolded G85R-SOD1:YFP that propagates rostrally up the spinal cord prior to clinical evidence of disease. Aggregate load increased rather dramatically in the interval between the first sign of limb weakness and endstage paralysis.
We also investigated how this spread of inclusion pathology correlated with glial activation. Using thresholding methods similar to those used for G85R-SOD1-YFP quantification, we observed an increase in GFAP immunoreactivity in the lumbar spinal cord as the mice developed paralysis ( Fig. 6b; Supplemental Fig. 2 ). By comparison, the abundance of GFAP immunoreactivity in more rostral regions of the cord was much lower (Fig. 6b) . By comparing the quantification results between inclusion pathology and glial activation (Fig. 6a,  b) , there was an obvious relationship between the two, with both appearing to accumulate at similar stages of the disease and at similar levels of the cord. Taking our analysis a step further, we also quantified the ChATpositive motor neurons throughout the cord and found a similar progression of neuronal loss. In the lumbar spinal cord there was a significant reduction (~35 %) of motor neurons in the mice injected with G93A → G85R-SOD1:YFP homogenate in the sciatic nerve at 1 and 2 months p.i. when compared to the control mice that were injected with asymptomatic, heterozygous G85R-SOD1:YFP homogenate (Fig. 6c) . The loss of motor (Fig. 6c) . Although we also observed a significant reduction of motor neurons in the thoracic cord at 2 months p.i., and at end-stage, there was no change detected at any timepoint in the cervical cord (Fig. 6c) . Together, the results from these quantitative analyses describe a gradient of pathology that is most severe in lumbar spinal cord with lesser degrees of severity more rostrally.
Trans-synaptic spread of inclusion pathology
Rodents lack the direct synaptic connections between upper and lower motor neurons, but the potential exists that misfolded SOD1 could propagate trans-synaptically to the brain through either interneurons or sensory neuron pathways. At 1 month p.i, we could find no inclusion pathology in the brain (Fig. 7a-d) . At 2 months p.i., the asymptomatic mice displayed G85R-SOD1:YFP inclusions in the reticular formation and lateral vestibular nucleus of the brainstem, and in the red nucleus, located in the mesencephalon (Fig. 7e-g ). The inclusions in these structures were fairly sparse and appeared mainly in the cell body with some also appearing within the neuropil. The symptomatic mice at this timepoint displayed an increased number of inclusions within the reticular formation, but in the lateral vestibular nucleus and red nucleus, the number of inclusions was similar to that of the asymptomatic 2-month p.i. mice (Fig. 7i-k) . In addition to these structures, we also observed a small number of inclusions in the periaqueductal gray (PAG) and the motor-related layers of the superior colliculus (Fig. 7l) . In fully paralyzed animals at the end-stage of disease, we observed abundant G85R-SOD1:YFP inclusion pathology in these same five neuroanatomical structures; the reticular formation, lateral vestibular nucleus, red nucleus, PAG, and superior colliculus ( Fig. 7m-p; Table 2 ). The brain pathology in these animals was largely confined to these structures with almost no inclusion pathology observed in the forebrain, including the motor cortex. 
Discussion
It has long been recognized that the symptoms of ALS seem to spread from one muscle group to another along anatomically connected pathways [5, 20, 21] . Determining what mediates this spread has been elusive. Our study, using the G85R-SOD1:YFP mouse model, provides the first evidence that misfolded protein can mediate the spreading symptoms of ALS. Our data show that misfolded forms of the G85R-SOD1:YFP fusion protein accumulate in tissue prior to the onset of symptoms with an explosive accumulation of inclusion pathology as mice develop the paralytic symptoms at the end-stage of disease. Crucially, no disease symptoms appear in G85R-SOD1:YFP mice injected with spinal homogenates from asymptomatic mice expressing the same fusion protein. Clearly, our study cannot establish that misfolded SOD1 mediates the spread of symptoms in human sporadic ALS or ALS caused by mutations in SOD1. However, the study sets the precedent that a propagating spread of misfolded protein can produce a clinical phenotype that replicates fundamental features of human ALS.
The most important aspect of the model we use here is that injecting inoculum within the sciatic nerve forces the material into a restricted and defined population of neurons that innervate the limb [2, 3] . Following the inoculation of mice with homogenate prepared from G93A → G85R-SOD1:YFP mice unilaterally within the sciatic nerve, we first observed inclusion pathology in the ipsilateral DRG at 1 month p.i. The sciatic nerve is a mixed peripheral nerve, containing predominantly sensory fibers. Therefore, the deposition in the DRG can be explained by retrograde transport from the point of inoculation. At 2 months p.i. in the animals that were asymptomatic, the inclusion pathology first appeared in the lumbar spinal cord, in both the ventral and dorsal regions of the cord. This could be explained by either retrograde spread from the point of inoculation to the ventral motor neurons in laminae IX and/or anterograde spread from the DRG to the dorsal horn. Additionally, these animals displayed sparse inclusions in the contralateral DRG, which can only be explained by retrograde transport from the dorsal columns, which although not abundant, did contain inclusions. In the symptomatic mice, the amount of G85R-SOD1:YFP inclusion pathology increased in both the ipsilateral and contralateral DRG. Together, these data indicate the ability for the G85R-SOD1:YFP aggregate seeds to be transported along the axons in the retrograde direction and, potentially, out to the dorsal horn in the anterograde direction. We did not, however, detect any inclusion pathology in the gastrocnemius muscle at any stage in the disease, suggesting either the lack of anterograde transport from the injection site to the muscle, or the inability for the muscle to accumulate G85R-SOD1:YFP inclusion pathology (Supplementary Fig. 3) . Although it is possible that the inducing factor could be transported along the axolemma surface in a cell-to-cell manner, we have observed no G85R-SOD1:YFP pathology along the length of the sciatic nerve at any timepoint examined (data not shown). ALS is almost completely characterized by motor dysfunction, while sensory abnormalities have been infrequently reported [13, 27] . Although we did not test for any sensory impairments in our mice, the inclusion pathology observed in the DRG and dorsal horn of the spinal cord indicates involvement of the sensory system in our paradigm. Previous studies have documented the accumulation of misfolded SOD1 in sensory structures, and the degeneration of DRG neurons and sensory axons were observed in mouse models of SOD1 [8, 11, 26] . Therefore, although sensory structures do not appear to be directly involved in the pathogenesis of ALS, based on the lack of a detectable sensory impairment, our data suggest that sensory neurons may serve as conduits for the spreading of misfolded protein conformations.
As indicated above, the G85R-SOD1:YFP pathology was not observed in the spinal cord until 2 months p.i., and in the asymptomatic mice the pathology was mainly restricted to the lumbar region. Importantly, when pathology was observed, it was clear the normal diffuse distribution of G85R-SOD1:YFP in asymptomatic mice had been disturbed. Thus, the appearance of pathology is not the result of some slow accumulation of the inoculated aggregates in neuronal populations, but rather represents the templated conversion of the G85R-SOD1:YFP by a mobile seed. Additionally, the induction and accumulation of SOD1 inclusions were accompanied by gliosis and motor neuron loss that appeared to spread in an identical spatiotemporal manner as the inclusion pathology. Whatever the nature of the "seed", it propagates insidiously rostrally from the lumbar cord and trans-synaptically to the brain before symptoms develop.
Interestingly, in asymptomatic mice at 2 months p.i., although very little G85R-SOD1:YFP pathology was observed in the cervical spinal cord in these animals, we detected inclusions in the reticular formation, lateral (Table 2 ). These structures were also observed to accumulate the infectious prion protein at preclinical timepoints following sciatic nerve inoculation and was attributed to retrograde transport from the ventral motor neurons to these three populations of neurons via the reticulospinal, vestibulospinal, and rubrospinal descending motor tracts, respectively [2, 3] . The lack of pathology in the cervical cord and neuronal populations surrounding these structures strongly implicates neuroanatomical spread as the mechanism utilized to reach these locations, rather than a cell-to-cell, diffusive mechanism of propagation. Additionally, at end-stage when the G85R-SOD1:YFP pathology accumulated in these 3 neuronal populations, we began to detect inclusions in the motorrelated layers of the superior colliculus and the periaqueductal gray. The deposition of G85R-SOD1:YFP inclusions in the superior colliculus is most likely due to retrograde transport via the tectospinal tract. Neurons in the intermediate and deep layers of the superior colliculus are known to project to the cervical spinal cord [15] , which is in line with our data as the pathology was observed in these structures following deposition in the cervical cord. The pathology observed in the periaqueductal gray can be also be attributed to retrograde transport from the spinal cord, as tracer studies have demonstrated that these neurons project to both cervical and lumbar regions of the cord [16] . Taken together, it appears that in our paradigm, a seed that propagates G85R-SOD1:YFP misfolding is retrogradely transported via trans-synaptic transport from the spinal cord via multiple descending motor pathways and thereby affecting multiple brain regions. Although our data suggest neuroanatomical spread of the SOD1 seeding factor via several descending motor pathways, it is intriguing that we did not observe any pathology in the motor cortex, which would be indicative of transport from the motor neurons in the lumbar spinal cord via the corticospinal tract. This pathway was one of the four descending pathways suggested to be utilized in prion transport to the brain upon injection in the sciatic nerve [2, 3] . A lack of G85R-SOD1:YFP expression in these neurons cannot explain the lack of deposition in this region as YFP fluorescence is seen fairly uniformly throughout the brain and observed in neurons in layer 5 of the motor cortex ( Supplemental Fig. 4) . One possibility is that the disease course in spinal cord was too rapid and that there was insufficient time for the SOD1 seeds to reach this area and/or induce G85R-SOD1:YFP aggregation to levels visible by fluorescence microscopy. Another possibility is that this neuronal population is resistant to the accumulation of G85R-SOD1:YFP aggregation due to some unknown cellular factors or possibly to lower expression of the transgene in these cells when compared to other locations within the CNS. We note that the original report describing paralyzed homozygous G85R-SOD1:YFP mice did not mention pathology in brain [28] , and we have not observed cortical inclusion pathology in any paralyzed G85R-SOD1:YFP mice we have analyzed (data not shown). Assuming that the lack of G85R-SOD1:YFP pathology in the motor cortex signals a lack of upper motor neuron defects, then it seems that dysfunction of the lower motor neurons is sufficient to mimic the paralytic symptoms of ALS in mice.
It is unlikely that axonal transport alone can account for the widespread distribution of G85R-SOD1:YFP pathology observed throughout the spinal cord at the end-stage of disease. Most of the G85R-SOD1:YFP inclusions observed in this induced model are located in the neuropil, where it is difficult to define cellular identity because processes from neurons, astrocytes, microglia, and oligodendrocytes co-mingle. It is very likely that cell-to-cell spread is also occurring within spinal axis of these mice. Such cell-to-cell spread could be trans-synaptic spread by interneurons or by other mechanisms in other cell types. Multiple studies have indicated the potential for exogenous SOD1 to be taken up by macropinocytosis or transported between cells through tunneling nanotubes or within exosomes [9, 10] . Our data clearly indicate trans-synaptic spread can occur but do not rule out other mechanisms of misfolded G85R-SOD1:YFP propagation.
Taken together, this study provides strong evidence that the G85R-SOD1:YFP fusion protein can produce propagating seeds of misfolded protein that spread from a localized point of entry to engulf the entire spinal axis. We also uncover the potential for the sensory system to act as a potential conduit for propagating misfolded proteins.
Although we do not presently understand why the G85R-SOD1:YFP model is uniquely permissive to developing motor neuron disease after exposure to tissue preparations containing misfolded SOD1, this model provides a unique opportunity to probe mechanisms of disease spread along significant neuroanatomical distances. This model also provides a superior system to test whether a particular therapeutic approach may halt the progression of disease by slowing the spread of a proteotoxin; and to determine the optimal therapeutic window for such treatments.
